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3HUPHDELOLW\ DQG SRURVLW\ LPSURYHPHQW
RI JURXWHG VDQG
1DGLD 6DL\RXUL² $EGHOJKDIRXU $LW $ODLZD
3LHUUH <YHV +LFKHU
5HVHDUFK ,QVWLWXWH RI &LYLO DQG 0HFKDQLFDO (QJLQHHULQJ *H0 805 &156 
(FROH &HQWUDOH GH 1DQWHV  UXH GH OD 1Rs ) 1DQWHV FHGH[ 
1DGLDVDL\RXUL#HFQDQWHVIU
$%675$&7 2YHU WKH SDVW WZHQW\ \HDUV JURXWLQJ WHFKQRORJ\ DOORZHG WR WUHDW D ZLGH UDQJH RI
VXEVXUIDFH FRQGLWLRQV IRU FRQVWUXFWLRQ :KHQ D SURSHUO\ GHVLJQHG FHPHQW JURXW LV LQMHFWHG LQWR
VDQG VRLO KRPRJHQHRXV JURXW EXOEV DUH IRUPHG ZKLFK PDNH GHQVH DQG WKXV VWUHQJWKHQ WKH
VXUURXQGLQJ VRLO )RU VXFFHVVIXO JURXWLQJ WKH NQRZOHGJH RI VXEVXUIDFH FRQGLWLRQV LV LPSRUWDQW
*URXQG LPSURYHPHQW FDQ EH DVVHVVHG E\ SHUPHDELOLW\ WHVWLQJ DQG PHUFXU\ SRURVLPHWU\ WHVWLQJ
/DERUDWRU\ H[SHULPHQWV ZHUH FRQGXFWHG WR H[DPLQH JURXW LQMHFWLRQ WKURXJK /RLUH VDQG FROXPQV
XQGHU VDWXUDWHG FRQGLWLRQV 7KHVH WHVWV ZHUH SHUIRUPHG LQ RUGHU WR KLJKOLJKW WKH HIIHFW RI VRPH
NH\ IDFWRUV FHPHQWWRZDWHU UDWLR UHODWLYH GHQVLW\ RI WKH JUDQXODU VNHOHWRQ RQ WKH SURSHUWLHV RI
WKH JURXWHG VDQG 6XEVHTXHQWO\ 0HUFXU\ ,QWUXVLRQ 3RURVLPHWU\ WHVWV VKRZHG WKDW ERWK SRURVLW\
DQG LWV GLVWULEXWLRQ DUH PRGLILHG %HVLGHV WKH LQWULQVLF SHUPHDELOLW\ ZDV PHDVXUHG E\ D JDV
SHUPHDELOLW\ GHYLFH 7KHQ DQ HYDOXDWLRQ RI LQWULQVLF SHUPHDELOLW\ XVLQJ WKH .DW]7KRPSVRQ
HTXDWLRQ RQ WKHVH WHVWV LV SURSRVHG DQG FRPSDUHG WR JDV SHUPHDELOLW\ ZKLFK LV VWLOO FRPPRQO\
XVHG LQ FLYLO HQJLQHHULQJ WR PHDVXUH WKLV LQWULQVLF SDUDPHWHU
5e680e 3HQGDQW OHV YLQJW GHUQLqUHV DQQpHV OD WHFKQRORJLH GH O¶LQMHFWLRQ GHV VROV D SHUPLV GH
WUDLWHU XQ JUDQG QRPEUH GH WHUUDLQV SRXU XQH ERQQH SUpSDUDWLRQ j OD FRQVWUXFWLRQ 4XDQG XQ
FRXOLV GH FLPHQW FRUUHFWHPHQW FRQoX HVW LQMHFWp GDQV XQ VDEOH GHV EXOEHV G¶LQMHFWLRQ VRQW
IRUPpV FH TXL GHQVLILH HW UHQIRUFH DLQVL OH VRO HQYLURQQDQW 3RXU UpXVVLU O¶RSpUDWLRQ
G¶LQMHFWLRQ OD FRQQDLVVDQFH GHV FRQGLWLRQV GX VRXVVRO HVW LPSRUWDQWH /
DPpOLRUDWLRQ GHV
VROV LQMHFWpV SHXW rWUH pYDOXpH SDU GHV WHVWV GH SHUPpDELOLWp HW GH SRURVLPpWULH SDU LQWUXVLRQ
GH PHUFXUH 'HV H[SpULHQFHV GH ODERUDWRLUH RQW pWp FRQGXLWHV SRXU H[DPLQHU O
LQMHFWLRQ GH
FRXOLV GDQV GHV FRORQQHV GH VDEOH GH /RLUH GDQV GHV FRQGLWLRQV VDWXUpHV &HV HVVDLV RQW pWp
H[pFXWpV SRXU PHWWUH HQ pYLGHQFH O
HIIHW GH TXHOTXHV IDFWHXUV FOHIV  SURSRUWLRQ GH FLPHQWHDX
GHQVLWp UHODWLYH GX VTXHOHWWH JUDQXODLUH VXU OHV SURSULpWpV GX VDEOH LQMHFWp 3DU OD VXLWH OHV
HVVDLV GH SRURVLPpWULH PHUFXUH RQW PRQWUp TXH WDQW OD SRURVLWp TXH VD GLVWULEXWLRQ VRQW
PRGLILpHV (Q SOXV OD SHUPpDELOLWp LQWULQVqTXH D pWp PHVXUpH SDU XQ GLVSRVLWLI GH SHUPpDELOLWp
DX JD] 2Q SURSRVH HQVXLWH XQH pYDOXDWLRQ GH OD SHUPpDELOLWp LQWULQVqTXH XWLOLVDQW O
pTXDWLRQ
.DW]7KRPSVRQ VXU FHV HVVDLV TXL HVW FRPSDUpH j OD SHUPpDELOLWp DX JD] TXL HVW JpQpUDOHPHQW
XWLOLVpH HQ JpQLH FLYLO SRXU PHVXUHU FH SDUDPqWUH LQWULQVqTXH
.(<:25'6 FHPHQW LQMHFWLRQ SHUPHDELOLW\ SRURVLPHWU\ VRLO
0276&/e6  FLPHQW LQMHFWLRQ SHUPpDELOLWp SRURVLPpWULH VRO
1
 ,QWURGXFWLRQ
*URXWLQJ LV WKH PRVW FRPPRQ WHFKQLFDO PHWKRG ZKLFK LV XVHG IRU VRLO
VWDELOL]DWLRQ DQG VWUHQJWKHQLQJ IRU VRLO SHUPHDWLRQ &DPEHIRUW  7KLV
WHFKQLTXH KDV D ZLGH DSSOLFDWLRQ LQ PRGHUQ FLYLO HQJLQHHULQJ ZRUOG 1RQYHLOOHU
 ,W FDQ EH HPSOR\HG WR UHGXFH SHUPHDELOLW\ RI D JURXQG PDVV IRUPDWLRQ LQ
RUGHU WR FRQWURO VHHSDJH DQG ORVV RI VWRUHG ZDWHU 2QH RI WKHVH WHFKQLTXHV LV FHPHQW
JURXW LQMHFWLRQ SURFHVV $UHQ]DQD  =HERYLW] HW DO  6FKZDU]  7KLV
WUHDWPHQW FRQVLVWV LQ LQWURGXFLQJ XQGHU SUHVVXUH WKURXJK D VOHHYH SLSH YDULRXV
PDWHULDOV LQWHQGHG WR ILOO WKH YRLG VSDFH DYDLODEOH LQ WKH VRLO 7R HYDOXDWH WKH
HIIHFWLYHQHVV RI WKLV RSHUDWLRQ WKH LQWULQVLF SHUPHDELOLW\ FRHIILFLHQW .Y LV
PHDVXUHG ,Q VRLO PHFKDQLFV ZDWHU SHUPHDELOLW\ PHDVXUHPHQWV DUH JHQHUDOO\ FDUULHG
RXW 7KLV WHVW FRQVLVWV LQ VDWXUDWLQJ D VDPSOH ZLWK ZDWHU WKHQ DSSO\LQJ FRQVWDQW
ZDWHU KHDG RQ WKLV VDPSOH $IWHU WKDW PHDVXUHPHQWV DUH SHUIRUPHG WR TXDQWLI\ WKH
ZDWHU FURVVLQJ WKH VSHFLPHQ ZKHQ WKH IORZ LV VWHDG\
)RU WKH LQMHFWHG JURXQGV WKLV PHWKRG DOVR DYDLODEOH LV PRUH FRPSOLFDWHG
EHFDXVH WKHLU UHODWLYHO\ ORZ SHUPHDELOLW\ PDNHV WHVWLQJ ZLWK ZDWHU YHU\ WLPH
FRQVXPLQJ 6DL\RXUL HW DO  %HVLGHV D KLJK ZDWHU SUHVVXUH PXVW EH DSSOLHG WR
REWDLQ PHDVXUDEOH IORZV ZKLFK FDQ GDPDJH WKH VWXGLHG PHGLXP 7R DYRLG WKLV
GLIILFXOW\ ZH VHOHFWHG JDV SHUPHDELOLW\ XVLQJ JDVHV VXFK DV R[\JHQ RU QLWURJHQ $
QXPEHU RI ODERUDWRU\ EDVHG WHVWV KDYH EHHQ GHYHORSHG WR PHDVXUH WKH JDV
SHUPHDELOLW\ RI FRQFUHWH DQG PRUWDUV LQFOXGLQJ WKH &HPEXUHDX WHVW 9HUGLHU DQG
&DUFDVVqV  .ROOHN  $EEDV HW DO  7KH SUHVVXUH FHOO PHWKRG
0DUWLQ  DQG WKH /HHGV SHUPHDELOLW\ FHOO &DEUHUD DQG /\QVGDOH  ,Q
VLWX WHVWV KDYH DOVR EHHQ GHYHORSHG &ODLVVH HW DO  )LJJ  %DVKHHU HW DO
 'KLU HW DO  )XUWKHU LQ VRLO PHFKDQLFV SHUPHDELOLW\ WHVWV IRU FRUHG
VDPSOHV XVLQJ JDVHV KDYH EHFRPH VWDQGDUG $PHULFDQ 3HWUROHXP ,QVWLWXWH 
$)5(0  $670  +RZHYHU QR DWWHPSWV WR HYDOXDWH SHUPHDELOLW\ RI
JURXWHG VDQG XVLQJ WKLV PHWKRG ZDV FDUULHG RXW EHFDXVH RI GLIILFXOW SUHFRQGLWLRQLQJ
SURFHGXUHV
7KH DLP RI WKH ZRUN SUHVHQWHG LQ WKLV SDSHU ZDV WR GHYHORS H[SHULPHQWDO
SURFHGXUHV WR HYDOXDWH WKH LQWULQVLF SHUPHDELOLW\ IURP &HPEXUHDX PHDVXUHPHQWV
LQLWLDOO\ GHGLFDWHG WR KRPRJHQHRXV FHPHQW EDVHG PDWHULDOV RQ F\OLQGULFDO JURXWHG
VDQG VSHFLPHQV DQG PHDVXUH WKH VDPSOHV SRURVLWLHV E\ 0HUFXU\ ,QWUXVLRQ
3RURVLPHWU\ WHVWV 0,3 ,W LV RI VLJQLILFDQW LQWHUHVW WR UHODWH WKH SHUPHDELOLWLHV RI
FHPHQWLWLRXV PDWHULDOV WR SDUDPHWHUV WKDW FRQWURO WKH GHYHORSPHQW RI PLFURVWUXFWXUH
$V D FRQVHTXHQFH D YDULHW\ RI LQYHVWLJDWLRQV KDYH EHHQ FDUULHG RXW WR HOXFLGDWH
SRVVLEOH UHODWLRQVKLSV EHWZHHQ SRUH VWUXFWXUHV DQG SHUPHDELOLW\ LQ WKHVH PDWHULDOV
2Q WKH EDVLV RI WKH H[SHULPHQWV HPSLULFDO UHODWLRQVKLSV EHWZHHQ FKDUDFWHULVWLFV RI
WKH PHGLD HJ SHUPHDELOLW\ DQG SRURVLW\ FDQ EH HVWDEOLVKHG WR VWXG\ WKH HIIHFW RI
JURXWLQJ SURFHVV RQ QRQXQLIRUP VRLO VWUXFWXUHV DOWKRXJK QDWXUDO JUDQXODU VRLOV LQ
PRVW FDVHV FRQVLVW RI QRQ XQLIRUP SDUWLFOHV 7KHUHIRUH VWXGLHV RI JDV SHUPHDELOLW\
ZKLFK TXLFNO\ DOORZHG XV WR HYDOXDWH WKH LQWULQVLF FRHIILFLHQW RI SHUPHDELOLW\ .Y
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DVVRFLDWHG WR XVHIXO 0,3 UHVXOWV WR HVWLPDWH WKH RUGHU RI PDJQLWXGH RI WKLV WUDQVIHU
SDUDPHWHU WKDQNV WR D PRGLILHG .DW]7KRPSVRQ IRUPXODWLRQ DSSOLFDEOH WR FHPHQW
EDVHG PDWHULDOV DUH HVVHQWLDO IURP D SUDFWLFDO SRLQW RI YLHZ ,QGHHG WUDQVIHU
SURSHUW\ SOD\V DQ LPSRUWDQW UROH LQ GXUDELOLW\ RI UHLQIRUFHG VRLO %HVLGHV WKLV
FRHIILFLHQW GHSHQGV RQ VHYHUDO SDUDPHWHUV ZKLFK ZLOO EH GLVFXVVHG
 0DWHULDOV DQG PHWKRGV
 ([SHULPHQWDO SURJUDP
 6RLO FROXPQ VDPSOHV
)RU WKLV VWXG\ F\OLQGHUV ZLWK  FP RI OHQJWK DQG  FP RI GLDPHWHU DW GLIIHUHQW
GHQVLWLHV ZHUH ILOOHG XS ZLWK GU\ /RLUH VDQG 7KLV VDQG LV D SRRUO\ JUDGHG VDQG 63
LWV FKDUDFWHULVWLFV DUH JLYHQ LQ 7DEOH 
7DEOH  /RLUH VDQG SDUDPHWHUV 1)3 
' ȝP ' ȝP ' ȝP &X &V ȖV .1P
     
 *URXW SURSHUWLHV
7KH JURXWV XVHG LQ WKH WHVWV FRQWDLQ 6SLQRU $ XOWUDILQH FHPHQW 3UHSDUHG
JURXWV ZLWK &HPHQW:DWHU UDWLRV &:  DQG  ZHUH LQMHFWHG LQWR WKH VRLO
VDPSOHV 7KH\ ZHUH SUHSDUHG LQ D ERZO DQG WKHQ PL[HG IRU  PLQ XVLQJ D PL[HU
DW D VSHHG RI  USP 6XSHUSODVWLFL]HU 6LNDPHQW )) PDQXIDF\XUHG E\
6,.$  E\ ZHLJKW RI GU\ FHPHQW ZDV DGGHG WR WKH FHPHQW±ZDWHU PL[WXUHV LQ
RUGHU WR LQFUHDVH WKH JURXW IOXLGLW\ DQ LQHUW FRPSRQHQW ZDV DOVR LQFRUSRUDWHG WR
LPSURYH UKHRORJLFDO VWDELOLW\ RI WKH PL[WXUH
 ([SHULPHQWDO GHYLFH
7UDQVSDUHQW 300$ PDWHULDO ZDV HPSOR\HG VR WKDW WKH JURXW SURSDJDWLRQ FRXOG
EH REVHUYHG $ JUHDW FDUH ZDV WDNHQ WR IROORZ H[DFWO\ WKH VDPH SURFHGXUH IRU
ILOOLQJ XS DOO RI WKH VRLO FROXPQV (DFK VRLO FROXPQ ZDV ILUVWO\ IXOO\ VDWXUDWHG E\
ZDWHU IURP WKH ERWWRP XVLQJ D SRLQW VRXUFH 6DL\RXUL HW DO  &KXSLQ HW DO
 /DWHU FHPHQW JURXW ZDV VORZO\ LQMHFWHG WKURXJK WKH FROXPQ &HPHQW
JURXW WUDQVSRUW HYROXWLRQ ZDV FRQWUROOHG E\ PRQLWRULQJ WKH ZHLJKW RI WKH FROXPQ
WKH SUHVVXUH DW GLIIHUHQW KHLJKWV DQG HIIOXHQW YROXPHV ZLWK UHVSHFW WR WLPH
)LJXUH  &HPHQW JURXW SRVLWLRQ ZDV IROORZHG XVLQJ &&' FDPHUD
3
)LJXUH  6FKHPD RI RQH GLPHQVLRQDO ODERUDWRU\ FHPHQW JURXW LQMHFWLRQ H[SHULPHQW
DQG FROXPQ WHVW GHWDLOV
 6SHFLPHQ FXULQJ
$IWHU LQMHFWLRQ WKH LQMHFWHG VDQG FROXPQ ZDV SODFHG LQ D FOLPDWH FKDPEHU ZLWK
D FRQWUROOHG HQYLURQPHQW RI & DQG  UHODWLYH KXPLGLW\ GXULQJ  GD\V 7KH
VDPSOHV SUREHG E\ JDV SHUPHDELOLW\ DQG 0,3 WHVWV DUH F\OLQGHUV RI  PP RI
GLDPHWHU DQG  PP KHLJKW 7KH\ DUH FRUHG IURP LQLWLDO LQMHFWHG /RLUH VDQG FROXPQV
WKHQ UHFWLILHG WR REWDLQ D SHUIHFW JHRPHWU\ WZR FRSODQDU VHFWLRQV &LUFXPIHUHQWLDO
VXUIDFH LV VHDOHG E\ D KHDWVKULQNDEOH VOHHYH ZKLFK SUHYHQWV JDV OHDNDJH GXULQJ
PHDVXUHPHQW DQG ILQDOO\ SODFHG LQ D UHJXODWHG RYHQ IRU D SUH GHWHUPLQHG SHULRG
XQWLO D FRQVWDQW ZHLJKW LV UHDFKHG 7KH FRQYHQWLRQDO WHPSHUDWXUH RI WKH RYHQ LV
TXLWH KLJK &  & IRU LQMHFWHG VDPSOHV )RU RXU VSHFLPHQV LW KDV VRPH
GLVDGYDQWDJHV DV PLFUR FUDFNLQJ ZDV LQGXFHG LQWR WKH VSHFLPHQ :H XVH
WKHUHIRUH ORZHU WHPSHUDWXUHV a& DV D FRQVHTXHQFH VSHFLPHQV KDG WR EH OHIW
GU\LQJ IRU D ORQJHU WKDQ QRUPDO SHULRG WR UHDFK D FRQVWDQW ZHLJKW
 *DV WHVW SHUPHDELOLW\
3ULRU WR JDV SHUPHDELOLW\ PHDVXUHPHQW WKH VSHFLPHQ LV UHPRYHG IURP WKH
GU\LQJ RYHQ DQG LV OHIW LQ D GHVLFFDWRU SODFHG DW D WHPSHUDWXUH RI & IRU  K
$IWHU WKLV SHULRG LW LV SRVLWLRQHG LQ WKH &HPEXUHDX SHUPHDELOLW\ FHOO VKRZQ LQ
)LJXUH  .ROOHN 
7KH PHDVXUHPHQWV RI WKH DSSDUHQW SHUPHDELOLW\ ZHUH SHUIRUPHG IRU DW OHDVW IRXU
DEVROXWH LQMHFWLRQ SUHVVXUHV IURP  WR  03D 7KH DSSOLHG SUHVVXUHV DUH
DGDSWHG WR WKH PHDVXUDEOH XSVWUHDP IORZ UDWH 7KH\ DUH XVXDOO\ FKRVHQ GHSHQGLQJ
RQ WKH IORZ PHWHU FDSDFLW\ 7KH LQMHFWLRQ IORZ UDWH LV JLYHQ E\ D GLJLWDO WKHUPDO
0DVV )ORZ 0HWHU 0)0 RI UDQJHV ± POQPLQ 7KH DWPRVSKHULF
WHPSHUDWXUH DQG SUHVVXUH DUH PHDVXUHG GXULQJ WKH WHVW ZLWK D GLJLWDO WKHUPR
K\JUREDURPHWHU $ SHULRG RI  WR  PLQ DSSUR[LPDWHO\ LV QHFHVVDU\ LQ RUGHU WR
UHDFK WKH VWHDG\ VWDWH JDV IORZ
4
)LJXUH  6FKHPDWLF GLDJUDP RI D &HPEXUHDX JDV SHUPHDPHWHU
0HUFXU\ LQWUXVLRQ SRURVLPHWU\ WHVWV
$IWHU WKH SHUPHDELOLW\ WHVW WKH VSHFLPHQ FDQ EH WHVWHG LQ D PHUFXU\ SRURVLPHWHU
0LFURPHULWLFVo $XWRSRUH   ZKLFK FDQ SURYLGH D PD[LPXP LQWUXVLRQ
SUHVVXUH RI  03D 7KXV RQO\ WKH SRUHV ZKRVH GLDPHWHUV DUH EHWZHHQ  QP
DQG  ȝP DUH DFFHVVLEOH ZLWK WKLV DSSDUDWXV :H FDQ GHGXFH WRWDO SRURVLW\ DQG WKH
SRUH VL]H GLVWULEXWLRQ 36' RI WKH WHVWHG VDPSOHV
 *DV IORZ WKURXJKW SRURXV PHGLD
.XQGW DQG :DUEXUJ  ZKR REVHUYHG WKDW WKH JDV IORZ PHDVXUHG ZDV KLJKHU
WKDQ WKDW FDOFXODWHG E\ 'DUF\¶V DSSURDFK IRU D SRURXV PHGLD 7KH PHDQ IUHH SDWK RI
WKH JDV PROHFXOHV FRUUHVSRQGV WR WKH GLVWDQFH FRYHUHG E\ D SDUWLFOH EHWZHHQ WZR
VXFFHVVLYH VKRFNV 7KLV GLVWDQFH GHSHQGV RQ WKH SUHVVXUH DQG WKH WHPSHUDWXUH 7KH
PHDQ SRUH VL]H RI WKH SRURXV PHGLD ZDV FRPSDUDEOH ZLWK WKH PHDQ IUHH SDWK RI WKH
JDV PROHFXOHV 7KLV SKHQRPHQRQ LV DWWULEXWHG WR WKH GLVFRQWLQXRXV PROHFXODU
VWUXFWXUH RI JDVHV ZKLFK JLYHV SODFH WR D PROHFXODU VOLS IORZ QHDU WKH ZDOO RI WKH
SRUHV JDV VOLSSDJH WKHRU\ 7KLV IORZ VSHFLILF WR JDVHV LV LQGHSHQGHQW RI WKH
YLVFRVLW\ RI WKH IOXLG DQG LWV FRQWULEXWLRQ LV DOO WKH PRUH VLJQLILFDQW DV WKH
SHUPHDELOLW\ RI WKH PHGLXP LV ORZ .OLQNHQEHUJ  ,QGHHG LWV FRQWULEXWLRQ LQ
WKH WRWDO IORZ RI JDV EHFRPHV QHJOLJLEOH ZKHQ WKH GLDPHWHU RI WKH FDSLOODULHV LV PXFK
KLJKHU WKDQ WKH PHDQ IUHH SDWK YLVFRXV IORZ %HVLGHV DQRWKHU OLPLWLQJ VLWXDWLRQ
DSSHDUV ZKHQ WKLV PHDQ IUHH SDWK LV PXFK KLJKHU WKDQ WKH GLDPHWHU RI WKH FDSLOODU\
7KLV SKHQRPHQRQ LV FRPPRQO\ ZHOO NQRZQ DV ³.QXGVHQ IORZ´ .QXGVHQ 
7KH JDV IORZ LV PDLQO\ JRYHUQHG E\ GLIIXVLRQ SKHQRPHQRQ 0RUHRYHU LQ SRURXV
PHGLD JDV PROHFXOHV HQWHULQJ LQ FROOLVLRQ ZLWK WKH ZDOO RI WKH SRUHV UHPDLQ WKXV
5
DGVRUEHG D FHUWDLQ WLPH DQG DUH GHVRUEHG WKHUHDIWHU &DUPDQ  8QGHU DQ\ IORZ
LQGXFHG E\ D SUHVVXUH JUDGLHQW D TXDQWLW\ RI JDV PROHFXOHV LV DGVRUEHG RQ WKH SRUH
VXUIDFHV 7KLV RQH FUHDWHV D JUDGLHQW RI FRQFHQWUDWLRQ UHVSRQVLEOH IRU DQ DGGLWLRQDO
GLIIXVLRQ IORZ )RUWXQDWHO\ WKH LQIOXHQFH RI WKLV IORZ RQ WKH VWDWLRQDU\ PDVV DQG VOLS
IORZ LV RIWHQ QHJOHFWHG EHFDXVH RI WKH ORZ YROXPH RI WKLV DGVRUEHG OD\HU FRPSDUHG
WR WRWDO SRURXV YROXPH 3HUUDWRQ 
 *DV SHUPHDELOLW\ LQ SRURXV PHGLD
7KH WRWDO SHUPHDELOLW\ RI D SRURXV PHGLXP ZLOO SUHVHQW YDULRXV FRPSRQHQWV
HDFK RQH UHODWLYH WR D W\SH RI SDUWLFXODU IORZ 7KH YLVFRXV IORZ LV UHODWHG WR WKH
LQWULQVLF SHUPHDELOLW\ FRQFHSW .Y DQG WKH QRQYLVFRXV RQH ZKLFK JDWKHUV WKH VOLS
IORZ .QXGVHQ IORZ DQG GLIIXVLRQ IORZ
 *HQHUDOLVHG 'DUF\¶V ODZ IRU FRPSUHVVLEOH IOXLGV
)RU FRPSUHVVLEOH IOXLGV WKH IORZ UDWH YDULHV LQ DQ\ SRLQW ZLWK WKH SUHVVXUH HYHQ
LQ VWDWLRQDU\ PRGH DQG WKH PDVV IORZ * NJP ðV UHPDLQV FRQVWDQW LQ DQ\ SRLQW
>@
ZLWK U WKH IOXLG GHQVLW\ .JP P WKH G\QDPLF YLVFRVLW\ LQ P3DVHF
,I ZH LQWHJUDWH RYHU WKH OHQJWK RI WKH VDPSOH DQG FRQVLGHU WKDW YLVFRVLW\ LV
LQGHSHQGHQW RI WKH SUHVVXUH DQG WKH LGHDO JDV HTXDWLRQ LQ DQ LVRWKHUPDO IORZ ZH




ZLWK 0 WKH IOXLG PRODU PDVV 7 WHPSHUDWXUH DQG 5 JD] FRQVWDQW
>@
0RUHRYHU JDV WUDQVIHU WKURXJK D SRURXV PHGLXP LQYROYHV D GHSHQGHQFH RI
WKH PHDVXUHG SHUPHDELOLW\ ZLWK UHVSHFW WR WKH DYHUDJH SUHVVXUH RI IORZ
6
 'HWHUPLQDWLRQ RI WKH LQWULQVLF SHUPHDELOLW\
,Q JDV SHUPHDELOLW\ WHVWV FDUULHG RXW RQ FHPHQW EDVHG PDWHULDOV WKH IORZV DUH
PDLQO\ YLVFRXV ,W FDQ EH H[SUHVVHG E\ D OLQHDU UHODWLRQ EHWZHHQ WKH DSSDUHQW IOXLG
VSHHG DQG WKH DSSOLHG JUDGLHQW SUHVVXUH   RQFH WKH VWHDG\ UHJLPH IORZ LV
UHDFKHG IRU HDFK WHVW SUHVVXUH 1HYHUWKHOHVV VXFK IORZV SUHVHQW D VLJQLILFDQW
QRQYLVFRXV IORZ FRPSRQHQW 7KHQ LW is necessary to exploit experimental










ZLWK 6 VHFWLRQ RI WKH VDPSOH Pð / WKLFNQHVV RI WKH VDPSOH P 4 LQMHFWLRQ
IORZ UDWH PHDVXUHG DW WKH H[LW RI WKH WHVW FHOO PV )RU &HPEXUHDX GHYLFH WKH 3LQM
LV HTXLYDOHQW WR 3 DQG 3DWP LV WKH 3 RQH LQ (TXDWLRQ >@ ERWK DUH H[SUHVVHG LQ
3DVFDO
)URP H[SHULPHQWDO UHVXOWV JLYLQJ WKH DSSDUHQW SHUPHDELOLW\ GLIIHUHQW FRQFHSWV
DOORZ GHWHUPLQLQJ DQ LQWULQVLF SHUPHDELOLW\ UHODWHG WR D YLVFRXV IORZ LQ FHPHQW
EDVHG PHGLXP
)URP WKH .D YDOXHV REWDLQHG ZLWK WKH YDULRXV SUHVVXUH JUDGLHQW YDOXHV WZR
DSSURDFKHV DOORZ REWDLQLQJ WKH LQWULQVLF SHUPHDELOLW\ YDOXH UHODWHG WR WKH YLVFRXV
JDV IORZ RU JDV PDVV IORZ
 7KHRUHWLFDO DSSURDFKHV
7R HVWLPDWH WKH LQWULQVLF SHUPHDELOLW\ ZH DSSO\ WKH WZR IXQGDPHQWDO DSSURDFKHV
GHYHORSHG E\ .OLQNHQEHUJ DQG &DUPDQ
 .OLQNHQEHUJ DSSURDFK
$G]XPL D E DQG ODWHU .OLQNHQEHUJ  GHGXFHG WKDW WKH YDOXH RI
WKH SHUPHDELOLW\ FRHIILFLHQW LV LQGHSHQGHQW RI WKH QDWXUH RI WKH IOXLG OLTXLG RU
JDV IRU YHU\ KLJK SUHVVXUH OHYHOV WKH IORZ LV WKHQ VXSSRVHG WR EH SXUHO\
YLVFRXV .OLQNHQEHUJ WKXV SURSRVHG WKH IROORZLQJ JHQHUDO UHODWLRQ IRU WKH IORZ
RI D JDV WKURXJK D SRURXV HQYLURQPHQW
>@
ZLWK E FRHIILFLHQW RI .OLQNHQEHUJ 3P  3DWP  3LQM DYHUDJH SUHVVXUH RI
IORZ 3D
7
.Y LV LQIHUUHG JUDSKLFDOO\ E\ H[WUDSRODWLRQ WR DQ LQILQLWH IORZ SUHVVXUH 7KLV
PHDQV WKDW ZKHQ WKH LQYHUVH RI WKH DYHUDJH SUHVVXUH WHQGV WRZDUGV ]HUR WKH YDOXH
RI E IXQFWLRQ RI WKH SRURVLW\ RI WKH PHGLXP DQG LQILOWUDWLQJ JDV LV FDOFXODWHG
GLUHFWO\ VWDUWLQJ IURP UHODWLRQ >@
7KH DGYDQWDJH RI WKLV UHODWLRQ LV WKH YLVXDOL]DWLRQ RI ERWK WKH YLVFRXV DQG
QRQYLVFRXV SDUW RI WKH IOXLG IORZ )LJXUH D 7KLV DSSURDFK LV OLPLWHG E\ WKH
SHUPHDELOLW\ GHSHQGHQFH RI VDWXUDWLRQ GHJUHH RI WKH VSHFLPHQ
D E
)LJXUH  *UDSKLFDO GHWHUPLQDWLRQ RI LQWULQVLF SHUPHDELOLW\
 &DUPDQ DSSURDFK
&DUPDQ HW DO GHILQHG .DG .Y DQG . UHVSHFWLYHO\ DV WKH SHUPHDELOLW\
FRHIILFLHQW UHODWHG WR WKH GLIIXVLRQ SKHQRPHQD WKH SHUPHDELOLW\ FRHIILFLHQW ZKLFK
JRYHUQV WKH PDVV IORZ DQG WKH RQH ZKLFK FKDUDFWHUL]HV PROHFXODU IORZ 7KH\
SURSRVHG D IRUPXODWLRQ ZKLFK DOORZV HYDOXDWLQJ LQWULQVLF SHUPHDELOLW\ &DUPDQ
DQG 0DOKHUEH  DVVXPLQJ DQ LVRWKHUPDO IORZ
>@
ZKHUH 3P 3DWP3LQM  LV WKH DYHUDJH SUHVVXUH RI IORZ 3D DQG WKH





ZLWK 0 PROHFXODU PDVV JPRO 7 5 WHPSHUDWXUH . DQG LGHDO JDVHV FRQVWDQW
UHVSHFWLYHO\
2[\JHQ QLWURJHQ RU K\GURJHQ DUH QRW ZHWWLQJ IOXLGV WKHUHIRUH WKH VXUIDFH






 ' P >@
:H QRWLFH WKDW WKH (TXDWLRQ >@ LV YDOLG IRU DOO WKH W\SHV RI SRURXV PHGLD
ZLWK DOO WKH IOXLG W\SHV ,W LV WKXV RI D JUHDW LQWHUHVW 7KH &DUPDQ DSSURDFK ZKLFK
OHDGV WR WKH YDOXH RI .Y LV EDVHG RQ WKH FRQFHSW RI PDVV IORZ UDWH SHU XQLW DUHD *
DQG LGHDO JDV VWDWH HTXDWLRQ
Y57
30Y*  U >@
ZKHUH U LV WKH GHQVLW\ Y LV WKH YHORFLWX\ RI IORZ 3 WKH SUHVVXUH 0 WKH PROHFXODU
PDVV 5 LGHDO JD] FRQVWDQW DQG 7 WHPSHUDWXUH
5HODWLRQ >@ FDQ EH ZULWWHQ DV
ED33
/* P  ' >@
7KH FRHIILFLHQWV D DQG E DUH WKH &DUPDQ¶V FRQVWDQWV
V3DJP57






&DUPDQ VKRZHG WKDW ZH FRXOG GHWHUPLQH .Y JUDSKLFDOO\ DQG . XVLQJ D
OLQHDU UHJUHVVLRQ EHWZHHQ * DQG 3P )LJXUH E 3HUUDWRQ  XVHG VXFFHVVIXOO\
WKLV H[SHULPHQWDO DSSURDFK ZLWK WKH FDVHV RI FRQFUHWH DQG PRUWDU ZKLFK ZHUH
KRPRJHQLVHG PHGLD
&RQFHUQLQJ RXU VWXG\ ZH ZLOO VKRZ WKDW WKHUH LV HTXLYDOHQFH EHWZHHQ WKH
WZR GLVWLQFW DSSURDFKHV SUHYLRXVO\ GHVFULEHG IRU JURXWHG VDQG
9
 0HUFXU\ LQWUXVLRQ SRURVLPHWU\
$Q DQDO\WLFDO WHFKQLTXH XVHIXO IRU GHWHUPLQLQJ WKH SRUH VL]H GLVWULEXWLRQ DQG
WKXV XQGHUVWDQGLQJ WKH VWUXFWXUH RI SRUH V\VWHPV LQ WKH SRURXV PHGLD LV FDSLOODU\
SUHVVXUH DQDO\VLV 3RUH V\VWHPV FRQVLVW RI SRUHV DQG VPDOOHU FKDQQHOV SRUH WKURDWV
FRQQHFWLQJ WKH SRUHV 3RUH WKURDWV LQ FRQMXQFWLRQ ZLWK SRUHV\VWHP JHRPHWU\ DQG
WRSRORJ\ FRQWURO WKH PRYHPHQW RI IOXLGV EHWZHHQ SRUHV 7KURXJK WKH XVH RI
FDSLOODU\ SUHVVXUH FXUYHV GHULYHG IURP PHUFXU\LQMHFWLRQ SRURVLPHWU\ LW LV
SRVVLEOH WR FDOFXODWH SRUH VL]H DQG GLVWULEXWLRQ
0HUFXU\LQMHFWLRQ SRURVLPHWU\ 0,3 LV EDVHG RQ PHDVXUHPHQW RI YROXPH
GLVWULEXWLRQ RI SRUH WKURDWV WKH PHWKRG GHSHQGV RQ IRUFLQJ PHUFXU\ LQWR VPDOO
YRLGV SRUH WKURDWV ZLWKLQ WKH SRURXV PHGLD 3RUH WKURDWV FRQWURO DFFHVV WR ODUJHU
YRLGV SRUHV EHFDXVH JUHDWHU SUHVVXUHV DUH UHTXLUHG WR IRUFH PHUFXU\ RU RWKHU
QRQZHWWLQJ IOXLGV LQWR VPDOOHU VSDFHV 3XUFHOO  7KXV SRUH WKURDWV DUH
ERWWOHQHFNV LQ WKH V\VWHP DQG LW LV QHFHVVDU\ WR H[FHHG WKHLU FULWLFDO FDSLOODU\
SUHVVXUH LQ RUGHU WR LQMHFW PHUFXU\ LQWR SRUHV 0HUFXU\ LV LQMHFWHG DW LQFUHPHQWDOO\
KLJKHU SUHVVXUHV (TXLOLEULXP WLPH LV QHFHVVDU\ EHWZHHQ SUHVVXUH LQFUHPHQWV
PHUFXU\ LV LQMHFWHG LQWR LQFUHDVLQJO\ VPDOOHU SRUHV ,W LV WKHQ SRVVLEOH WR FDOFXODWH
WKH VL]H GLVWULEXWLRQ RI SRUH WKURDWV DVVXPLQJ WKDW VRLO SRUHV DUH F\OLQGULFDO IORZ
FKDQQHOV -XULQ¶V HTXDWLRQ :DVKEXUQ  LV XVHG WR GHWHUPLQH WKH SRUH
UDGLXV DVVRFLDWHG ZLWK HDFK PHUFXU\ SUHVVXUH LQFUHPHQW
S  V'FRV T >@
ZKHUH ' LV WKH HQWUDQFH SRUH GLDPHWHU P ´ WKH VXUIDFH WHQVLRQ RI WKH OLTXLG
 1 Pí IRU PHUFXU\ © WKH FRQWDFW DQJOH RI IOXLG LQWHUIDFH WR VROLG
 LV DQ DYHUDJH YDOXH IRU PHUFXU\±DLU LQWHUIDFH DV VXJJHVWHG E\ 3HQXPDGX DQG
'HDQ  DQG S WKH PHUFXU\ SUHVVXUH LQFUHPHQW 3D
7KH UHVXOWV ZHUH SORWWHG LQ WZR JUDSKLFDO IRUPV ,Q WKH ILUVW IRUP WKH
FXPXODWLYH SRUH YROXPH ZDV SORWWHG YHUVXV ORJDULWKPLFDOO\ VSDFH DQG LQ WKH
VHFRQG IRUP WKH GLIIHUHQWLDO 36' EDVHG RQ WKH ORJDULWKPLF GLIIHUHQWLDWLRQ
G9GORJ' ZDV FDOFXODWHG )LJXUH  %RWK IRUPV RI SUHVHQWDWLRQ KDYH WKH VDPH
XQLW FPJí DQG WKHUHIRUH FDQ EH GLUHFWO\ FRPSDUHG 7KLV DSSURDFK ZKHUH
YDULRXV PHWKRGV DUH FRPELQHG LV VHOGRP XVHG WR FKDUDFWHUL]H D SRUH V\VWHP RYHU
D ZLGH UDQJH RI SRUH UDGLL LQ UHODWLRQ WR VRLO PDQDJHPHQW SUDFWLFHV EXW LW ZDV
XVHIXO LQ GHVFULELQJ WKH GLIIHUHQFHV LQ SRUH VWUXFWXUH EHWZHHQ GLIIHUHQW VRLO W\SHV
+DMQRV 
 (YDOXDWLRQ RI LQWULQVLF SHUPHDELOLW\ E\ .DW]7KRPSVRQ WKHRU\
7KHUH KDYH EHHQ PDQ\ DWWHPSWV RYHU WKH \HDUV WR UHODWH SHUPHDELOLW\ WR
VRPH UHOHYDQW PLFURVWUXFWXUDOO\ GHILQHG OHQJWK VFDOH .DW] DQG 7KRPSVRQ 
SURYLGH DQ LPSRUWDQW FRQWULEXWLRQ WR PDVV WUDQVSRUW VWXGLHV LQ IDFLOLWDWLQJ WKH
10
SUHGLFWLRQV RI IOXLG SHUPHDELOLW\ RI PDWHULDOV IURP PHUFXU\ LQMHFWLRQ GDWD 7KH
HTXDWLRQV ZHUH GHULYHG IURP SHUFRODWLRQ WKHRU\ 7XPLGDMVNL DQG /LQ 
7KH ILUVW pTXDWLRQ SURYLGHG ULJRURXV UHVXOWV E\ LQFRUSRUDWLQJ WKH PHDVXUHG
FRQGXFWLYLW\ IRUPDWLRQ IDFWRU FRQGXFWDQFH UDWLR VV DV D SDUDPHWHU 7KH HTXDWLRQ
IRU SHUPHDELOLW\ LV
>@
ZKHUH OF LV WKH FKDUDFWHULVWLF SRUH GLDPHWHU RI WKH SRURXV PHGLXP ZKLFK LV WKH
VPDOOHVW SRUH GLDPHWHU QHFHVVDULO\ ILOOHG WR LQLWLDWH D IORZ WKURXJK WKH SRURXV
PHGLXP V LV WKH URFN FRQGXFWLYLW\ DW FKDUDFWHULVWLF SRUH OHQJWK OF DQG V WKH
FRQGXFWDQFH RI EULQH LQ WKH SRUH VSDFH
7KH VHFRQG HTXDWLRQ SURYLGHV IRU DQ HVWLPDWLRQ RI VV WR EH REWDLQHG IURP







PD[   >@
,W LV ZLGHO\ DFFHSWHG WKDW SHUPHDELOLW\ LV GHWHUPLQHG E\ PLFURVWUXFWXUH $ ODUJH
QXPEHU RI PRGHOV KDYH EHHQ GHYHORSHG SDUWLFXODUO\ IRU VHGLPHQWDU\ URFNV WR
SUHGLFW WKH SHUPHDELOLW\ IURP PHDVXUHPHQWV RI SRUH VWUXFWXUHV DQG FUDFNV >@>@
)RU FHPHQWLWLRXV PDWHULDOV LW LV ZHOO UHFRJQL]HG WKDW ERWK WRWDO SRURVLW\ DQG LWV
GLVWULEXWLRQV GHWHUPLQH WKH SHUPHDELOLW\ DQG WKDW RQO\ SRUHV ZLWK GLDPHWHUV JUHDWHU
WKDQ D VSHFLILF YDOXH FRQWULEXWH VLJQLILFDQWO\ WR SHUPHDELOLW\ >@
$V WKH SUHVVXUH LV LQFUHDVHG PHUFXU\ LV IRUFHG WR LQYDGH VPDOOHU DQG VPDOOHU
SRUH RSHQLQJV LQ WKH SHUPHDEOH PHGLXP 8OWLPDWHO\ D FULWLFDO SUHVVXUH LV
UHDFKHG DW ZKLFK WKH PHUFXU\ VSDQV WKH VDPSOH 7KLV FRQGXFWLRQ SDWK LV
FRPSRVHG RI SRUHV RI GLDPHWHU HTXDO WR DQG ODUJHU WKDQ WKH GLDPHWHU FDOFXODWHG
IURP WKH :DVKEXUQ HTXDWLRQ IRU WKH FULWLFDO SUHVVXUH 7KLV GLDPHWHU OF LQ
(TXDWLRQ >@ LV D XQLTXH WUDQVSRUW OHQJWK VFDOH DQG GRPLQDWHV WKH PDJQLWXGH RI
WKH SHUPHDELOLW\ 7R REWDLQ WKLV FKDUDFWHULVWLF OHQJWK OF IURP WKH PHUFXU\ LQWUXVLRQ
GDWD VHW SUHVVXUH LV GHWHUPLQHG DW WKH SRLQW RI LQIOHFWLRQ LQ WKH UDSLGO\ ULVLQJ
UDQJH RI WKH FXPXODWLYH LQWUXVLRQ FXUYH
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)LJXUH  &KDUDFWHULVWLF SRUH GLDPHWHU RI WKH SRURXV PHGLXP OF
7KLV LQIOHFWLRQ SRLQW ZDV GHWHUPLQHG H[SHULPHQWDOO\ E\ .DW] DQG 7KRPSVRQ
WR FRUUHVSRQG FORVHO\ WR WKH SUHVVXUH DW ZKLFK PHUFXU\ ILUVW VSDQV WKH VDPSOH DQG
WKH SRLQW DW ZKLFK SHUFRODWLRQ EHJLQV 7KH YDOXH RI OF LV WKH SRUH GLDPHWHU
FDOFXODWHG IURP WKH -XULQ¶V HTXDWLRQ )LJXUH 
 5HVXOWV DQG GLVFXVVLRQ
 *DV SHUPHDELOLW\ FRPSDULVRQ
&RPSDULVRQ RI WKH SHUPHDELOLW\ YDOXHV REWDLQHG XVLQJ &DUPDQ DQG
.OLQNHQEHUJ DSSURDFKHV ZLWK WKRVH REWDLQHG XVLQJ WKH LVRWKHUPDO VWHDG\ IORZ LV
VKRZQ LQ )LJXUHV  DQG  9DOXHV RI SUHGLFWHG SHUPHDELOLWLHV E\ ERWK PHWKRGV
DUH VLPLODU ZLWK PD[LPXP GLIIHUHQFH RI RQO\  XQLWV )LJXUH  DQG UHSRUWHG
LQ 7DEOH  7KLV PHDQV WKDW WKH VWHDG\VWDWH DSSURDFK SURYLGHV DQ HDV\ DQG IDVW
PHWKRG WR GHWHUPLQH SHUPHDELOLW\ +RZHYHU WKH PHWKRG LV OLPLWHG E\ WKH OHQJWK
RI WKH GDWDVHW ,I WKH GDWDVHW LV WRR VKRUW WUDQVLHQW HIIHFWV PD\ EHFRPH PRUH
VLJQLILFDQW ,W UHIOHFWV D OHDNDJH RI VHSDUDWLRQ EHWZHHQ ODPLQDU DQG WXUEXOHQW
IORZ DORQJ WKH VDPSOH
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)LJXUH  ([DPSOH RI DSSOLFDWLRQ RI WKH .OLQNHQEHUJ DSSURDFK REWDLQHG RQ VDPSOH &
)LJXUH  ([DPSOH RI DSSOLFDWLRQ RI WKH &DUPDQ DSSURDFK REWDLQHG RQ VDPSOH &
:H FDQ QRWLFH WKDW &DUPDQ DSSURDFK OHDGV WR D EHWWHU FRUUHODWLRQ EHWZHHQ
PDVV IORZ UDWH DQG WKH DYHUDJH SUHVVXUH
13
)LJXUH  &RPSDULVRQ EHWZHHQ .OLQNHQEHUJ DQG &DUPDQ DSSURDFKHV RQ LQMHFWHG
VDPSOHV
)RU WKLV H[SHULPHQWDO VHWXS D VHULHV RI FDOFXODWLRQ HUURUV PD\ DULVH IURP
 PHDVXUHPHQW RI WKH VDPSOH JHRPHWU\ DQG WKH JDV IORZ UDWH  WHFKQLFDO
HTXLSPHQW SUHVVXUH WUDQVGXFHU  FRQYHUVLRQ RI WKH WUDQVGXFHUV UDZ GDWD
YROWDJH LQWR SUHVVXUH GDWD 3D  IDFWRUV WKDW DUH QRW DFFRXQWHG LQ WKH QRQ '
IORZ HIIHFWV DQG WKH GLIIHUHQW IRUPV RI QRQOLQHDU IULFWLRQ ODZV WKDW DUH SRVVLEOH
$Q HVWLPDWLRQ RI WKH SUDFWLFDO SUHFLVLRQ RI WKHVH H[SHULPHQWV UHSHDWHG WHQ WLPHV
XQGHU WKH VDPH H[WHUQDO FRQGLWLRQV LQGLFDWHV D SUHFLVLRQ RI ± IRU WKH
SHUPHDELOLW\ YDOXHV . XVLQJ DW OHDVW IRXU GLIIHUHQW SUHVVXUHV IRU HDFK PHWKRG )RU
PRVW RI WKH LQMHFWHG VRLOV WKH LQYHVWLJDWLRQ RI VDPSOHV UHYHDOHG VLJQLILFDQW GLIIHUHQFH
LQ WKH SHUPHDELOLW\ YDOXHV ZLWK UHVSHFW WR &: UDWLR )RU WKHVH VRLO VDPSOHV
WKDW KDYH FORVH LQLWLDO GHQVLWLHV WKH LQWULQVLF SHUPHDELOLW\ LV LQYHUVHO\
SURSRUWLRQDO WR WKH &: UDWLR ,QGHHG ORZ LQLWLDO GHQVLWLHV LQFUHDVH WKH IRUPDWLRQ
RI ORFDOL]HG FHPHQW PLFUR DJJUHJDWHV WKXV LQGXFH ORZ SHUPHDELOLW\
 3RURXV QHWZRUN RI JURXWHG VDQG
7DEOH  SUHVHQWV IRU VRPH VDPSOHV RI JURXWHG VRLOV WKH FRQGXFWLYLW\ EHIRUH
LQMHFWLRQ . WKH FRQGXFWLYLW\ DIWHU JURXW LQMHFWLRQ .N DQG .F UHVSHFWLYHO\
DFFRUGLQJ .DW] DQG &DPDQ DSSURDFKHV DQG DOVR SRURVLWLHV EHIRUH DQG DIWHU
LQMHFWLRQ UHVSHFWLYHO\ Q DQG QI 7KLV WDEOH VKRZV SRURVLW\ YDULDWLRQ ZLWK UHVSHFW
WR WKH GHQVLW\ DQG WKH &: UDWLR :H FDQ QRWLFH WKDW ZKHQ WKH GHQVLW\ LQFUHDVHV
WKH ILQDO SRURVLW\ QI LQFUHDVHV DOVR )XUWKHUPRUH WKLV ODWHU LV ORZHU ZKHQ WKH
&: LQFUHDVHV $FWXDOO\ ILOOLQJ YRLG VSDFH RI WKH PHGLXP E\ WKH JURXW LV DOO WKH
PRUH GLIILFXOW DV WKH LQLWLDO GHQVLW\ LV KLJK %XW LI WKH LQLWLDO GHQVLW\ LV ZHDN WKH
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YRLG ILOOLQJ E\ FHPHQW SDUWLFOHV LV LPSRUWDQW ZKHQ WKH JURXW LV PRUH FRQFHQWUDWHG
%HVLGHV )LJXUH  SUHVHQWV WKH SRURVLW\ VSHFWUXP ZKLFK UHYHDOV WZR PDLQ SRUH
FODVVHV GHOLPLWHG E\ WKH IROORZLQJ SRUDO GLDPHWHUV  ȝP DQG  ȝP %UXDQG DQG
&RXVLQ  'XELQLQ 
± 0LFURSRURVLW\ SRUHV ZKRVH GLDPHWHU LV ORZHU WKDQ  ȝP ZKLFK
FKDUDFWHUL]H WKH ILQH SKDVH RI WKH LQMHFWHG VDQG GXH WR ILQH FRPSRQHQW
DJJORPHUDWLRQV
± 0HVRSRURVLW\ SRUHV EHWZHHQ  ȝP WR  ȝP GXH WR WKH DVVHPEO\ RI FRDUVH
HOHPHQWV DQG PLFURDJJUHJDWHV
7DEOH  3DUDPHWHUV RI LQMHFWHG VDPSOHV
5HIHUHQFH . . . 1 1 1 & & &
ȖG .1P         
&:         
. Pð         
.N  Pð         
.F  Pð         
Q          
QI          
,Q DOO WKH FDVHV ZH QRWLFH D W\SLFDO ELPRGDO SRURVLW\ VSHFWUXP ,W
FKDUDFWHUL]HV ILQHO\ DJJUHJDWHG PHGLD ZKHQ &: UDWLRQ LV ZHDN )LJXUH  DQG
PLFURDJUHJDWHG PHGLD IRU KLJK FKDUJHG FHPHQW JURXW )LJXUHV  DQG  :H FDQ
DOVR KLJKOLJKW WKDW WKH PHVRSRURVLW\ GLVDSSHDUV LQ IDYRXU RI PLFURSRURVLW\ ZKHQ WKH
LQLWLDO GU\ GHQVLW\ RI WKH LQMHFWHG VRLO JURZV
)LJXUH  VKRZV D FOHDU ELPRGDO UHJLPH )RU )LJXUHV  DQG  WKH FXUYHV DUH
VOLJKWO\ GLIIHUHQW DQG WKH WZR PRGHV DUH OHVV REYLRXV 7KLV FDQ EH GXH WR WKH
KHWHURJHQHLW\ ZKLFK FDQ RFFXU GXULQJ WKH VRLO JURXWLQJ RSHUDWLRQV
6HYHUDO DXWKRUV %UXDQG DQG &RXVLQ  LQGLFDWHG WKDW VXFK VDPSOHV ZLWK
WKLV W\SLFDO SRURVLW\ VSHFWUXP UHSUHVHQW D FRPSOH[ SRURXV QHWZRUN +DMQRV
 &RQVHTXHQWO\ WKH LQWHUSUHWDWLRQ RI WKH GLVWULEXWLRQV FDOFXODWHG E\ WKH
:DVKEXUQ PRGHO FRQWDLQLQJ YDULRXV VLJQLILFDQW SRUHV GRHV QRW PDWFK WR WKH JDV
SHUPHDELOLW\ PHDVXUHPHQWV ,W PHDQV WKDW WRWDO SRURVLW\ LV XQGHUHVWLPDWHG E\
PHDVXUHPHQW
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)LJXUH  ȖG   .1P &:  
)LJXUH  ȖG   .1P &:  
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)LJXUH  ȖG   .1P &:  
 *DV SHUPHDELOLW\ HVWLPDWLRQ
7DEOH  SUHVHQWV WKH UHVXOWV RI WKH SHUPHDELOLW\ FDOFXODWLRQ XVLQJ .DW]
7KRPSVRQ IRUPXODWLRQ .FDOF DQG WKRVH PHDVXUHG E\ WKH JDV SHUPHDELOLW\
.PHV )LQDOO\ ZH REVHUYHG WKDW WKH PHDVXUHG JDV SHUPHDELOLW\ LV WKUHH WLPHV
PRUH WKDQ WKH FDOFXODWHG .FDOF EDVHG RQ 0,3 WHVWV 7DEOH  7KH PDLQ DGYDQWDJH
RI WKH .DW]7KRPSVRQ IRUPXODWLRQ LV WKDW WKH WLPH UHTXLUHG WR PDNH WKHVH
PHDVXUHPHQW LV PXFK VKRUWHU DQG PXFK OHVV ODERXU LQWHQVLYH WKDQ LV UHTXLUHG WR
PDNH WUDGLWLRQDO SHUPHDELOLW\ WHVWV %HVLGHV LW DOORZV VSHFLPHQV RI DQ\
FRPSRVLWLRQ DQGRU DJH WR EH HYDOXDWHG 8QIRUWXQDWHO\ ZH QRWLFHG WKDW
SHUPHDELOLWLHV FDOFXODWHG XVLQJ WKH .DW]7KRPSVRQ HTXDWLRQ (TXDWLRQ >@ GRHV
QRW FRUUHVSRQG WR WKH H[SHULPHQWDO GDWD IRU WKLV W\SH RI PDWHULDO
%\ FRPSDULVRQ RI GLIIHUHQW 36' RI WKH QHWZRUN DQG HYDOXDWLQJ WKH
FRUUHVSRQGLQJ HIIHFW RQ JDV IORZ FRUUHFWHG IDFWRUV EHWZHHQ SRUH VWUXFWXUH DQG
WUDQVSRUW SURSHUWLHV FDQ EH HVWDEOLVKHG 7R LPSURYH WKLV SUHGLFWLRQ ZH GHULYH
(TXDWLRQ >@ IURP .DW]7KRPSVRQ IRUPXODWLRQ WR LQFOXGH WKH LQLWLDO GHQVLW\ HIIHFW
RYHU LQWULQVLF SHUPHDELOLW\ VXEVWLWXWLQJ WKH UDWLR ZKLFK LQFOXGHV
SRURXV QHWZRUN FRQQHFWLYLW\ E\
\
7KLV PRGLILFDWLRQ DOORZV WDNLQJ




ZKHUH OF LV WKH FKDUDFWHULVWLF SRUH GLDPHWHU RI WKH SRURXV PHGLXP JG LV WKH
LQLWLDO DSSDUHQW GHQVLW\ JPD[ LV WKH PD[LPDO LQLWLDO GHQVLW\ REWDLQHG XVLQJ 1) 3
 VWDQGDUG Q LV WRWDO SRURVLW\ DQG 6 LV WKH IUDFWLRQ RI WRWDO SRURVLW\ ILOOHG DW OF
0RVW DSSURDFKHV DUH EDVHG RQ ILWWLQJ WKLV SDUDPHWHU RI WKH QHWZRUN PRGHO WR
H[SHULPHQWDOO\ PHDVXUHG WUDQVIHU DQG SRUH SDUDPHWHUV 7KLV NLQG RI DSSURDFK
KRZHYHU GRHV QRW UHVXOW LQ D QHWZRUN DEOH WR UHSUHVHQW WKH UHDOLVWLF PLFURVWUXFWXUH
RI FHPHQWEDVHG PDWHULDOV EHFDXVH WKH FRQQHFWLYLW\ RI WKH SRUH QHWZRUN LV QRW VR
VLPSOH WKDW LW FDQ EH FRQWUROOHG E\ RQO\ RQH RU WZR SDUDPHWHUV +RZHYHU L W FDQ EH
LQIHUUHG IURP WKH H[SHULPHQWV WKDW WKH FRQQHFWLYLW\ RI WKH SRUH VWUXFWXUH DQG WKH
FKDUDFWHULVWLF SRUH GLDPHWHU DUH WKH PDLQ IDFWRUV ZKLFK GHWHUPLQH WKH SHUPHDELOLW\
7DEOH  VKRZV WKH LQWULQVLF SHUPHDELOLW\ .P FDOFXODWHG E\ WKH PRGLILHG .DW]
7KRPSVRQ IRUPXODWLRQ 8VLQJ WKLV HQKDQFHPHQW ZH FDQ REWDLQ WKH VDPH RUGHU RI
PDJQLWXGH EHWZHHQ FDOFXODWHG DQG PHDVXUHG FRQGXFWLYLW\ YDOXHV )RU VRPH
VDPSOHV WKLV PRGHO IDLOHG EHFDXVH RI ORFDO KHWHURJHQHLWLHV RI JURXWLQJ SURFHVV
ZKLFK DUH FRPPRQO\ REVHUYHG
7DEOH  ,QWULQVLF SHUPHDELOLW\ RI LQMHFWHG VDPSOHV
5HIHUHQFH . . . 1 1 1 & & &
ȖG .1P         
&:         
OF QP         
.PHV Pð         
.FDO  Pð         
.P  Pð         
 &RQFOXVLRQ
7KLV SDSHU SUHVHQWV DQ LQWULQVLF SHUPHDELOLW\ PHDVXUHPHQW XVLQJ
&(0%85($8 JDV SHUPHDPHWHU DSSDUDWXV 7ZR IXQGDPHQWDO DSSURDFKHV FXUUHQWO\
DGPLWWHG IRU FHPHQW EDVHG PDWHULDOV DUH XVHG WR LQWHUSUHW WKH UHVXOWV 7KHVH WZR
IRUPXODWLRQV OHDG WR VLPLODU LQWULQVLF SHUPHDELOLW\ YDOXHV RI JURXWHG /RLUH VDQG
VDPSOHV 7KLV FRPSDULVRQ SURYHG WKDW .OLQNHQEHUJ DSSURDFK ZKLFK LV HDVLHU WR XVH
WKDQ &DUPDQ DSSURDFK FDQ EH HPSOR\HG ZLWKRXW UHVWULFWLRQV WR HYDOXDWH WKLV
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WUDQVIHU SURSHUW\ :H FDQ DOVR DFKLHYH D FRQVLGHUDEOH UHGXFWLRQ LQ PHDVXUHPHQW
WLPH ZLWK WKLV W\SH RI GHYLFH ,Q DGGLWLRQ WR WKLV DSSDUDWXV 0,3 WHVWV FDQ DOVR EH
XVHG WR EURDGO\ HVWLPDWH WKH SHUPHDWLRQ RI JURXWHG VDQG VDPSOHV E\ VLPSO\
DSSO\LQJ .DW] 7KRPSVRQ WKHRU\ $ PRGLILFDWLRQ RI WKLV IRUPXODWLRQ WDNLQJ LQWR
DFFRXQW D FRUUHFWLYH WHUP UHODWHG WR WKH LQLWLDO GHQVLW\ HIIHFW DOORZV REWDLQLQJ
WKH FRUUHFW RUGHU RI PDJQLWXGH RI WKH LQWULQVLF SHUPHDELOLW\ 7KH OLPLWDWLRQV RI 0,3
PHDVXUHPHQWV PDNH GLIILFXOW WR HVWLPDWH WUDQVIHU SURSHUWLHV ,QGHHG RQO\
LQWHUFRQQHFWHG SRUHV DYDLODEOH IRU JDV IORZ PXVW EH FRQVLGHUHG WR HYDOXDWH LQWULQVLF
SHUPHDELOLW\ 7KHUHIRUH WKLV FRQWULEXWLRQ VKRXOG EH VWXGLHG XVLQJ D EHWWHU
GHVFULSWLRQ RI SRUH VL]H GLVWULEXWLRQ SRUH VWUXFWXUH DFURVV D ZLGHU UDQJH RI SRUH
VL]HV 7KHUHIRUH DGGLWLRQDO PHWKRGV VXFK DV QLWURJHQ VRUSWLRQ DQGRU ZDWHU
GHVRUSWLRQ FRXOG EH FRXSOHG WR 0,3 WR KDYH EHWWHU UHVXOWV
 5HIHUHQFHV
$EEDV $ &DUFDVVqV 0 2OOLYLHU -3 ³*DV SHUPHDELOLW\ RI FRQFUHWH LQ UHODWLRQ WR LWV GHJUHH
RI VDWXUDWLRQ´ 0DWHU 6WUXFW YRO  Q  
$G]XPL + ³6WXGLHV RQ WKH IORZ RI JDVHRXV PL[WXUHV WKURXJK FDSLOODULHV , 7KH YLVFRVLW\
RI ELQDU\JDVHRXV PL[WXUHV´ %XOO &KHP 6RF -DSDQ YRO  D S 
$G]XPL + ³6WXGLHV RQ WKH IORZ RI JDVHRXV PL[WXUHV WKURXJK FDSLOODULHV ,, 7KH PROHFXODU
IORZ RI JDVHRXV PL[WXUHV´ %XOO &KHP 6RF -DSDQ YRO  E S 
$)5(0 'XUDELOLWp GHV EpWRQV (VVDL GH SHUPpDELOLWp DX[ JD] GX EpWRQ GXUFL PRGH
RSpUDWRLUH UHFRPPDQGp 
$PHULFDQ 3HWUROHXP ,QVWLWXWH $3, 5HFRPPHQGHG 3UDFWLFH IRU 'HWHUPLQLQJ 3HUPHDELOLW\
RI 3RURXV 0HGLD 53 'DOODV 7; 
$UHQ]DQD /0 $Q H[SHULPHQWDO LQYHVWLJDWLRQ RI WKH SURSHUWLHV DQG EH KDYLRU RI GLOXWH
PLFURILQH FHPHQW JURXWV 7KqVH GH GRFWRUDW 1RUWKZHVWHUQ 8QLYHUVLW\ 86$ 
$670 $670 ' 6WDQGDUG 7HVW 0HWKRG IRU 3HUPHDELOLW\ RI 5RFNV E\ )ORZLQJ $LU
 %DPIRUWK 3% 7KH UHODWLRQVKLS EHWZHHQ SHUPHDELOLW\ FRHIILFLHQWV IRU FRQFUHWH
REWDLQHG XVLQJ OLTXLG DQG JDV0DJ &RQFU 5HV YRO  Q   S 
%DVKHHU 3$0 /RQJ $( 0RQWJRPHU\ )5 7KH $XWRFODP ± D QHZ WHVW IRU SHUPHDELOLW\
&RQFU  S 
%UXDQG $ &RXVLQ , ³9DULDWLRQ RI WH[WXUDO SRURVLW\ RI D FOD\ORDP VRLO GXULQJ FRPSDFWLRQ´
(XU - 6RLO 6FL YRO   S 
&DEUHUD -* /\QVGDOH &-´$ QHZ JDV SHUPHDPHWHU IRU PHDVXULQJ WKH SHUPHDELOLW\ RI
PRUWDU DQG FRQFUHWH´0DJ &RQFU 5HV YRO  Q  
&DUPDQ 3& )ORZ RI JDVHV WKURXJK SRURXV PHGLD /RQGRQ %XWWHUZRUWKV VFLHQWLILF
SXEOLFDWLRQV /RQGRQ 
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&DUPDQ 3& 0DOKHUEH 3 OH 5 ³'LIIXVLRQ DQG IORZ RI JDVHV DQG YDSRXUV WKURXJK
PLFURUSRUHV´ ,, 6XUIDFH )ORZ 3URF RI 5R\DO 6RFLHW\ RI /RQGRQ 6HULH $ 0DWKHPDWLFDO
DQG SK\VLFDO VFLHQFHV YRO   S 
&KXSLQ 2 6DL\RXUL 1 +LFKHU 3< ³7KH HIIHFWV RI ILOWUDWLRQ RQ WKH LQMHFWLRQ RI FHPHQW
EDVHG JURXWV LQ VDQG FROXPQV´ 7UDQVSRUW LQ 3RURXV 0HGLD YRO   S 
&ODLVVH 3$ *DQMLDQ ( $GODP 7$ ³$ YDFXXP SHUPHDELOLW\ WHVW IRU LQ VLWX DVVHVVPHQW
RI FRYHU FRQFUHWH´ &HP &RQFU 5HV  S 
&ODLVVH 3$ *DQMLDQ ( $WNLQVRQ $ 7\UHU 0 ³0HDVXULQJ DQG SUHGLFWLQJ WUDQVSRUW
LQ FRPSRVLWH FHPHQWLWLRXV EDUULHUV´ $&, 0DWHU - YRO  Q   S 
'KLU 5. +HZOHWW 3& %\DUV ($ 6KDDEDQ ,* ³$ QHZ WHFKQLTXH IRU PHDVXULQJ WKH DLU
SHUPHDELOLW\ RI QHDUVXUIDFH FRQFUHWH VRXUFH´ 0DJ &RQFU 5HV YRO  Q  
S 
'XELQLQ 00 ³,Q FKDUDFWHUL]DWLRQ RI SRURXV VROLGV´ 6LQJ . 6 : (G 6RF &KHP
,QGXV /RQGRQ YRO   S 
)LJJ -: ³0HWKRGV RI PHDVXULQJ WKH DLU DQG ZDWHU SHUPHDELOLW\ RI FRQFUHWH´ 0DJ &RQFU
5HV YRO  Q   S 
+DMQRV 0 ³0HUFXU\ LQWUXVLRQ SRURVLPHWU\ DV FRPSDUHG WR RWKHU PHWKRGV FKDUDFWHUL]LQJ
PLFURVWUXFWXUH RI VRLO PDWHULDOV´ =HV] 3UREOHPRZH 3RVWĊSyZ 1DXN 5ROQ Q  
S 
.DW] $- 7KRPSVRQ $ + ³4XDQWLWDWLYH SUHGLFWLRQ RI SHUPHDELOLW\ LQ SRURXV URFN´ 3K\V
5HY % &RQGHQV 0DWWHU YRO   S 
.OLQNHQEHUJ /- 7KH SHUPHDELOLW\ RI SRURXV PHGLD WR OLTXLGV DQG JDVHV 3URGXFWLRQ
3UDFWLFH %DWDDIVFKH 3HWUROHXP 0DDWVFKDSSLM $PVWHUGDP ± 7KH 1HWKHUODQGV DQG 6KHOO
'HYHORSPHQW &RPSDQ\ (PHU\YLOOH &DOLIRUQLD  S 
.QXGVHQ 0 'LH JHVHW]H GHU PROHFXODUVWU|PXQJ DQG GHU LQQHUHQ UHLEXQJVVWU|PXQJHGU JDVH
GXUFK U|KUHQ³ $QQDOHQ GHU 3K\VLN YRO   S 
.ROOHN -- ³7KH GHWHUPLQDWLRQ RI WKH SHUPHDELOLW\ RI FRQFUHWH WR R[\JHQ E\ WKH &HPEXUHDX
PHWKRG ± D UHFRPPHQGDWLRQ´0DWHU 6WUXFW YRO   S 
.XQGW $ :DUEXUJ ( ³2Q IULFWLRQ DQG WKHUPDO FRQGXFWLYLW\ LQ UDUH JDVHV´ 3KLORV 0DJ
YRO  Q  
/\GRQ )' ³7KH UHODWLYH SHUPHDELOLW\ RI FRQFUHWH XVLQJ QLWURJHQ JDV´ &RQVWUXFW %XLOG
0DWHU YRO  Q   S 
0DUWLQ *5 ³$ PHWKRG IRU GHWHUPLQLQJ WKH UHODWLYH SHUPHDELOLW\ RI FRQFUHWH XVLQJ JDV´
0DJ&RQFU 5HV YRO  Q   S 
0RQORXLV%RQQDLUH -3 9HUGLHU - 3HUULQ % ³3UHGLFWLRQ RI WKH UHODWLYH SHUPHDELOLW\ WR JDV
IORZ RI FHPHQW EDVHG PDWHULDOV´ &HP &RQFU 5HV YRO  Q   S 
1RQYHLOOHU ( *URXWLQJ  WKHRU\ DQG SUDFWLFH (OVHYLHU 
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3HQXPDGX ' 'HDQ - ³&RPSUHVVLELOLW\ HIIHFW LQ HYDOXDWLQJ WKH SRUHVL]H GLVWULEXWLRQ RI
.DROLQ FOD\ XVLQJ PHUFXU\ LQWUXVLRQ SRURVLPHWU\´ &DQ *HRWHFK - YRO  Q  
S 
3HUUDWRQ ' /D SHUPpDELOLWp DX[ JD] GHV EpWRQV K\GUDXOLTXHV ,16$ GH 7RXORXVH 
3XUFHOO :5 ³&DSLOODU\SUHVVXUHV ± 7KHLU PHDVXUHPHQW XVLQJ PHUFXU\ DQG WKH FDOFXODWLRQ RI
SHUPHDELOLW\ WKHUHIURP $PHULFDQ ,QVWLWXWH RI 0LQLQJ 0HWDOOXUJLFDO DQG 3HWUROHXP
(QJLQHHUV´ 3HWUR 7UDQV Q  S  
6DL\RXUL 1 %RXDVNHU 0 .KHOLGM $ ³*DV SHUPHDELOLW\ PHDVXUHPHQW RQ LQMHFWHG VRLOV ZLWK
FHPHQW JURXW´ &HPHQW DQG &RQFUHWH 5HVHDUFK &&5 YRO  Q   S 
6FKZDU] /* .UL]HN 5- ³(IIHFW RI SUHSDUDWLRQ WHFKQLTXH RQ SHUPHDELOLW\ DQG VWUHQJWK
RI FHPHQWJURXWHG VDQG´ *HRWHFKQLFDO 7HVWLQJ -RXUQDO YRO  Q   S 
7XPLGDMVNL 3- /LQ % ³2Q WKH YDOLGLW\ RI WKH .DW]7KRPSVRQ HTXDWLRQ IRU SHUPHDELOLWLHV LQ
FRQFUHWH´ &HP &RQFU 5HV YRO  Q   S 
9HUGLHU - &DUFDVVqV 0 ³0RGHOOLQJ RI D JDV IORZ PHDVXUHPHQW DSSOLFDWLRQ WR QXFOHDU
FRQWDLQPHQW YHVVHOV´ &HP &RQFU 5HV YRO  Q   S 
:DVKEXUQ (: ³7KH G\QDPLFV RI FDSLOODU\ IORZV´ 3K\V 5HY  S 
=HERYLW] 6 .UL]HN 5- $WPD]LGLV '. ³,QMHFWLRQ RI ILQH VDQGV ZLWK YHU\ ILQH FHPHQW
JURXW´ -RXUQDO RI *HRWHFKQLFDO (QJLQHHULQJ 'LY    S 
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